To explain the huge tidal volume difference to induce VILI in healthy and diseased lungs, two theories have been proposed: the "second hit" hypothesis [11] [12] [13] [14] [15] and the "stress raiser" theory. 16 According to the "second hit" hypothesis, stimuli from mechanical ventilation and activation of the inflammatory cascade induced by the primary disease do not have an addictive but a multiplicative effect. Consequently, a mechanical ventilation, safe in healthy lungs, may be deleterious if applied to an inflamed parenchyma. Although this theory may well fit with the ARDS lung, it is more difficult to conceptualize it in a noninflamed lung during anesthesia, where VILI may be present.
The stress raiser theory, instead of biological reaction, is purely founded on mechanics. 16, 17 Accordingly, a given pressure/volume applied to an inhomogeneous region may locally induce a stress concentration as the interfaces act as "stress raisers." This theory too applies to ARDS where patchy inflammatory reactions may behave as inhomogeneities but may be also applied to a noninflamed lung where structural modifications, occurring, as an example, with age, may act as stress raisers. To recognize and measure lung inhomogeneities may be of clinical relevance when tailoring mechanical ventilation. 17 Unfortunately, however, we still lack a proof of a cause-effect relationship between lung inhomogeneities and damages of mechanical ventilation, which would support the stress raiser theory.
We reasoned that, if the inhomogeneities act as stress raisers in normal lung, the VILI should first appear where inhomogeneities are physiologically present as at pleura/alveoli interface 18 and around bronchi and vessels. Therefore, to investigate the cause-effect relationship between VILI and stress raiser, we maximized the tidal volume to obtain the effects in a reasonable amount of time (54 h). 19 In addition, we chose healthy animals to avoid other confounding factors. By chance, however, half of the experimental animals that presented as normal actually had pathologic densities at the first computed tomography (CT) scan; consequently, we had the opportunity to study the VILI progression associated with physiologic and pathologic inhomogeneities.
Therefore, we studied 12 piglets, ventilated in a prone position with extremely high tidal volume (lung strain greater than 2.5) to verify: (a) if the lung lesions first appear in the regions of physiologic/pathologic inhomogeneities; (b) the "nature" of these VILI lesions (consolidated or collapsed tissue); (c) the time course of the VILI lesions and their relationship with anatomical, respiratory, hemodynamic, and gas exchange variables.
Materials and Methods
We studied 12 large, white female piglets (22 ± 5 kg) apparently healthy. Six of them, however, at the first CT scan, presented the regions of abnormal density that were unrecruitable (7.5 ± 6% of total lung volume at end inspiration, defined as "consolidated tissue," see Supplemental Digital Content 1, fig. 4 , http://links.lww.com/ALN/B158). The animals that had baseline normal physiologic variables (gas exchange, respiratory mechanics, and hemodynamics) were included in the study to verify whether VILI developed at interface between these densities and the surrounding parenchyma. This study was approved by Italian Board of Health (Ministero della Salute, Direzione Generale della Sanità Animale e dei farmaci veterinari, Roma, Italy) and was performed according to the Helsinki convention for the use and care of animals and complied with the international recommendations. 20 
Measured Variables
Piglets were fully instrumented (orotracheal tube, esophageal balloon, central venous pressure, arterial line, and urinary catheter). The following variables were recorded/computed (Colligo, Elekton, Italy) 21 : respiratory variables: tidal volume, peak, plateau and expiratory airway and esophageal pressures, chest and lung elastances; gas exchange variables: Pao 2 , PaCo 2 , pH, lactates, hemoglobin concentration, and saturation; hemodynamics: arterial and central venous pressure, urinary output, fluid intake, and cardioactive drugs; and CT scan variables: lung weight; lung gas volume; over, normally, poorly, and not inflated lung tissue; and lung recruitment, defined as the percentage of lung tissue that regains inflation between end expiration and end inspiration 22 (see Additional Methods in Supplemental Digital Content 1, http://links.lww.com/ALN/B158).
Pathology
Lung fragments were obtained from each region of both lungs (see Supplemental Digital Content 1, fig. 2 , http:// links.lww.com/ALN/B158): three samples from subpleural regions, one sample from the medial surface of the lung, taken cutting the lung parallel to the main bronchus and excising the sample from the medial surface of the lung. The lung regions used for histology did not correspond to the six lung fields used for CT scan analysis, as we compared the periphery of the lung with the "core" of the lung. After processing the samples, the following variables were measured: hyaline membranes, interstitial and septal infiltrates, vascular congestion and intra-alveolar hemorrhaging, alveoli rupturing, and basophilic material deposition. overall injury was expressed by a scoring system from 0 to 4: 0, no alterations; 1, 25% of field involved; 2, 50% of field involved; 3, 75% of field involved; and 4, 100% of field involved. Collagen and elastin content were expressed as a percent of the stained area relative to the lung tissue.
Lung Inhomogeneities
We applied the method previously used in human, 17 but scaling the acinus dimension to piglet size (see Supplemental Digital Content 1, fig. 5 , http://links.lww.com/ALN/B158). Lung inhomogeneities were computed by comparing the gas fraction of each voxel with the gas fraction of the surrounding voxels. The ratio of the latter to the former equal to 1 indicates Lung Inhomogeneities and Ventilator-induced Injury homogeneity and greater than 1 indicates inhomogeneity. We used as a threshold the values of 95th percentile of lung inhomogeneities measured in our healthy piglets at baseline (threshold of 1.685) and expressed the inhomogeneity values as intensity (average ratio) and extent (fraction of lung volume above the 95th percentile of lung inhomogeneities).
Study Protocol
After a recruitment maneuver, piglets were ventilated in prone position with a tidal volume/functional residual capacity ratio (strain) greater than 2.5 (38 ± 4.6 ml/kg), at respiratory rate of 15 breaths/min, zero end-expiratory pressure (zero positive end-expiratory pressure), I:E of 1:2, and FIo 2 of 0.5 (see Supplemental Digital Content 1, fig. 1 , http://links. lww.com/ALN/B158). Functional residual capacity for the strain computation was determined with CT scan. Two CT scans (end expiration and end inspiration) and a complete set of physiological variables were collected. End expiratory and end inspiratory CT scans were scheduled every 3 h and all the other variables every 6 h, unless a variation occurred either on CT scan or in physiologic variables. In both cases, a complete set of new measurements was collected. The study was interrupted after a whole lung edema developed. After the experiment, the lung wet-to-dry ratios were determined and samples for histology collected in eight different lung regions (see Supplemental Digital Content 1, fig. 2 , http:// links.lww.com/ALN/B158).
CT Scan Time Course
New densities were classified as subpleural (adjacent to the pleura), peribronchial (bronchogram clearly identifiable inside or adjacent to the new density), and parenchymal (not adjacent to the pleura, without a bronchogram), see Supplemental Digital Content 1, figure 3 , http://links.lww.com/ ALN/B158. The localization of new densities was classified in six predefined lung fields (apex/hilum/base, dependent/ nondependent).
The densities were classified on end-expiration CT scans by three independent observers (M.G., C.C., and M.L.). The three independent observers were not blinded, and images were presented in the same time sequence they were acquired. The interobserver variability in counting densities was 5%. We classified the densities as (a) new densities: regions of density clearly distinguishable from the remaining parenchyma; (b) one-field edema: density occupying at least one lung field; with one-field edema densities were distinguishable in the other fields (see Supplemental Digital Content 1, fig. 12 , http://links.lww.com/ALN/B158); and (c) all-field edema: density occupying all the six lung fields. To classify their evolution, we defined the following time points: Time 0, the baseline CT scan; Time 1, the last CT scan without new densities; Time 2, the first CT scan with new densities; Time 3, the last CT scan with distinguishable densities; Time 4, the first CT scan with one-field edema; and Time 5, the first CT scan with all-field edema.
Statistical Analysis
The location of densities and variables at the six time points considered were compared with a mixed model (lme function of the nlme library); Bonferroni correction was used for multiple comparisons. The behavior of data points was fit with exponential regression (y = a + b × e (c × x) ). P value < 0.05 was used as a criterion for statistical significance; all tests are two tailed. Data are presented as mean ± SD or as median (interquartile range). Statistical analysis was performed with the R-software (R Foundation for Statistical Computing, Austria).
Results
Prestudy data of piglets are summarized in the Supplemental Digital Content 1, http://links.lww.com/ALN/B158.
Time Course, Location, and Nature of Lung Densities
In figure 1A , we present the number of new densities (subpleural, peribronchial, and parenchymal) as a function of mechanical ventilation time in the individual piglets. As shown, the six piglets with baseline consolidated tissue (black circles) showed the same behavior as the six healthy piglets (white circles) but tended to deteriorate more rapidly. In figure 1B , we grouped all the piglets together for sake of clarity. As shown, the number of densities tended to increase exponentially in seven piglets and linearly in two piglets, whereas in three piglets, deterioration was so rapid that it was impossible to fit a curve; median time constant was 3.1 h (range, 1.5 to 3.3 h). At the last CT scan in which the new densities were distinguishable (Time 3), the subpleural lesions were more frequent (median [ New densities, one-field edema, and all-fields edema were fully recruitable and near completely cleared at end inspiration (see fig. 2 ). In fact the relationship between the recruitable tissue and the noninflated tissue at end expiration was close to identity indicating that what was collapsed (i.e., recruitable) at end expiration opened up at end inspiration (lung recruitability, in grams = −25 + not inflated tissue at end expiration (g) × 0.90, r 2 = 0.97, P < 0.0001, see Supplemental Digital Content 1, fig. 6 , http://links.lww.com/ ALN/B158). This observation is reinforced by studying the time course of the densities of the six pigs with consolidated tissue at baseline. In fact, from Time 0 to Time 3, while the consolidated tissue remained constant and unrecruitable, the surrounding ventilator-induced new densities were fully recruitable at end inspiration (see fig. 3 ).
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Lung Inhomogeneities
In figure 4A , we show the time course of the lung inhomogeneities in the individual piglets. As shown, piglets with baseline consolidated tissue tended to have greater baseline inhomogeneities compared with the healthy piglets (9.5 ± 4.4% vs. 5.7 ± 1.6% of lung volume, P = 0.09). In figure 4B , the average lung inhomogeneities time course is summarized. The increase in inhomogeneity extent was fit in We used all the computed tomography scans taken during the whole experiment until densities were distinguishable (time 3). Healthy pigs were represented by white dots and piglets with baseline abnormal densities by black dots. (B) Average number of new densities ±SD (y axis) as function of time (x axis) using 3-h intervals. We used only the computed tomography scan taken at 3-h intervals; regression was performed on average data and is purely descriptive. As behavior of individual piglets was different, we computed the time constant for seven piglets (in two piglets, the increase in new densities was linear, and in three piglets, there were not enough data points to fit a curve), and the median time constant was 3.1 h (interquartile range, 1.5 to 3.3). Data are represented by number of new densities as median (interquartile range) in apex, hilum, and base at Time 3 (mixed model on the ranked variables). The two lungs of each piglet were considered together. These densities were similarly distributed between dependent and nondependent lung regions (data not shown, P = 0.11, see Supplemental Digital Content 1, http://links.lww.com/ALN/B158, for details). * P < 0.05 vs. subpleural in the same row. baseline consolidated tissue, it was 2.6 h (interquartile range, 1.6 to 3.5 h; P = 0.29). Representative images of lung inhomogeneities time course are presented in figure 4C .
Structure-Function Relationship
Representative CT scan images from Time 0 to Time 5 are reported in figure 2 . In table 2, we report the most relevant CT scan variables. As shown, lung recruitability increased significantly at Time 4. Total lung tissue increase and gas volume decrease reached statistical significance at Time 5. The changes of well, poorly, and not inflated tissue (Supplemental Digital Content 1, fig. 7 , http://links. lww.com/ALN/B158) followed an exponential behavior, as well as the changes of respiratory system and lung elastance (see table 3 ), being the chest wall elastance near-constant through the experiment. As shown in table 3, the gas exchange remained nearconstant at baseline levels until the one-field edema developed (Time 4), whereas the oxygen saturation (FIo 2 , 50%) was maintained between 95 and 100% even when all-field edema was present.
In table 3 and Supplemental Digital Content 1, table  6 , http://links.lww.com/ALN/B158, we report the hemodynamic variables: the Svo 2 decreased and arterial-venous oxygen difference increased with time (Time 3). Although diuresis was always present, arterial pressure maintained, 
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and lactates did not increased significantly, we observed a progressive metabolic acidosis from Time 1 to Time 5, as shown by the base deficit increase. In addition, the use of this extremely aggressive ventilation was associated with fluid retention and, in five pigs, required the use of vasopressors at the end of the experiment (Time 5). Statistical analysis was performed with a mixed model and, if the overall model was significant, all data points were compared with Time 0 (baseline) correcting the P values with the Bonferroni method. * P < 0.05 vs. baseline (Time 0). CT = computed tomography.
Lung Inhomogeneities and Ventilator-induced Injury
Histology
Macroscopic Anatomy. At autopsy, the lungs appeared heavy, purple, and congested; however, when inflated outside, the chest wall appeared near-normal (pinky and well inflated). Autoptic lung weight was 626 ± 252 g (baseline CT scan computed lung weight, 411 ± 82 g), and median wet-todry ratio was 7.54 (6.72 to 8.27) confirming the presence of diffuse edema; we did not find difference in wet-to-dry ratio between the lung regions sampled. Microscopic Anatomy. Histologic analyses, available in seven pigs, are summarized in table 4. As shown, the different pathologic findings were similarly distributed between the central and the peripheral lung regions except for erythrocytes leakage that was more represented in the central lung regions. The collagen was significantly more represented in the peripheral than in the central samples. The pathologic findings are primarily in the extracellular matrix, being the intra-alveolar space relatively spared: The median ratio of alveolar to interstitial infiltrate was 0.18 (0.15 to 0.24) (see Supplemental Digital Content 1, http://links.lww.com/ ALN/B158, for details).
Discussion
The main finding of this study is that in an experimental model of lethal mechanical ventilation obtained applying very high stress and strain to the lung parenchyma, abnormal lung densities first develop at the interface between structures with different extensibility, in line with the hypothesis of "stress raisers"-associated inhomogeneities. 16, 17 The number of new densities increases exponentially with time up to all-field lung edema. In addition, all the new densities are fully recruitable, suggesting that pulmonary units are collapsed instead of consolidated.
In this study, we used an extremely aggressive "lethal ventilation" by inducing a lung strain greater than 2.5, 19 which corresponded in these animals to approximately 40 ml/kg, a value known to induce lethal VILI in several animal species. [8] [9] [10] The plateau pressures (27 ± 3.5 cm H 2 o) and the end-inspiratory transpulmonary pressures (19 ± 3 cm H 2 o) were used in these pigs to reach or exceed the total lung capacity at each breath. In fact, the specific elastance of normal piglets is about half than in humans (~6 vs. ~12 cm H 2 o). 23 At the interface between structures of different distensibility or geometry, as bronchi/vessels and neighboring alveoli or the visceral pleura 18 and the alveolar walls departing from it, the applied pressure may lead to stress concentration ("stress raiser").
The parenchymal stress, locally amplified by the "stress raisers," may lead with time to the rupture of extracellular polymers as proteoglycan and hyaluronan, which, in turn, may act as a trigger for inflammatory reaction, 24 as well as to a rupture of capillaries with erythrocytes extravasation. 4, 25 In addition, the excessive tidal strain may be associated with a decrease of surfactant activity. 26 All these phenomena justify the increase of densities we observed. With this kind of ventilation, we found a specific elastance greater than we previously observed 19 (10 ± 3.2 cm H 2 o vs. 5.4 ± 2.2 cm H 2 o). This may be due to the extracellular matrix overstretch (as we measured the elastance by using extremely large tidal volumes), but it is also compatible with a surfactant decrease and structural alterations of the extracellular matrix.
The ventilator-induced lung densities were fully recruitable during inspiration (see figs. 3 and 4) . This full recruitability strongly suggests that the pathologic processes induced by the mechanical ventilation are primarily located in extracellular matrix leading to pulmonary units collapse instead of consolidation. Actually, histologic findings showed that the pathologic processes primarily occurred in the interstitial space instead than in alveolar space. That VILI primarily occurs in the interstitial space and is further sustained by the observation that the consolidated tissue present at baseline in 6 of the 12 pigs remained of the same size throughout the experiment, while in the meantime, at its interface, recruitable densities developed (see fig. 3 ).
The anatomical lung alterations fully accounted for the progressive increase in lung elastance observed with time. Although in human ARDS, the increase in lung elastance is 27 being the specific elastance in normal range (the "baby lung" 28 ), in this model, the concept of "baby lung" does not apply as, at the end inspiration, the whole lung is open to ventilation. Therefore, the increased elastance in this model reflects, more than the lung size, the "extra pressure" required, during inflation, to overcome the alteration of the extracellular matrix (increased specific elastance) and to overcome the opening pressures of the collapsed pulmonary units.
There is extensive evidence that pH may modulate the development of VILI, being acidosis protective 12, 29 and alkalosis detrimental. 30 In this study, the severe hypocapnia was due to the extremely large tidal volumes used. We chose, for simplicity, to maintain this strategy as in a previous study 19 ;we found that hypocapnic animals and animals maintained with normal PaCo 2 by an artificial dead space had the same strain threshold for the development of VILI. Compared with other variables, the oxygenation changed less: even with all-field edema and the well-aerated tissue at end expiration lower than 10%, the average Pao 2 /FIo 2 was 365. To explain the different time course of oxygenation, compared with CT anatomy and lung mechanics, we may consider two factors: first, during the inspiratory time, the lung was completely open and gas exchange could take place; second, the hypoxic vasoconstriction could be still effective, as documented in human ARDS, where oxygenation was maintained near-constant with a noninflated tissue ranging from 20 to 50% of total lung weight. 31 our results underline the close relationship among lung inhomogeneities, anatomical deterioration, and clinical symptoms. In addition, they support, although not prove, the stress raiser hypothesis, 16, 17 appearing more as a "proof of the concept" than a reality transferrable as such to the human being. In fact, in human ARDS, the subpleural densities are uncommon, likely because the inhomogeneities in the ARDS parenchyma far exceed quantitatively the inhomogeneities between alveoli, visceral pleura, vessels, and bronchi. Accordingly, we must note that the densities present at the baseline in six pigs increased their volume already at Time 1, well before the subpleural densities appearance at Time 2.
We think that the full recruitability of these VILIinduced densities deserves some comment: in fact, in human ARDS, we observed that the same amount of consolidated tissue could be associated with small amount of recruitable tissue (~5% lower recruiters, low severity/mortality) or considerable amount of recruitable tissue (~30% higher recruiters, high severity/mortality). 22 Although the difference in amount of recruitable tissue, being the "core" consolidated tissue similar in higher and lower recruiters, may be due to a different "loss of compartmentalization" or different spreading of inflammatory mediators, we cannot exclude that inappropriate mechanical ventilation could have contributed to the recruitability pattern.
Finally, we do not have an explanation of a constant phenomenon we observed in this VILI models: the exponential anatomic and physiologic deterioration after a variable time of latency, in both healthy pigs and in the ones with baseline consolidated tissue, where the processes were accelerated. This exponential deterioration is not observed in clinical practice 32 ; we ignore the mechanisms, but it is possible that the progression of VILI in human ARDS is prevented or dampened by coexisting reparative processes.
This study was designed to support the concept that inhomogeneities are possibly related to the concentration of stress, and our results confirm the hypothesis, as the lesions actually occurred where inhomogeneities are normally present. However, to reach the result we had to use very large tidal volumes, as the inhomogeneities are very scarcely represented in normal lungs. 17 In the animals with pathologic lung densities at baseline (greater percentage of inhomogeneity in the lung parenchyma), the injuries developed first at the interface between the pathologic densities and normal parenchyma. Therefore, with this study, we may conclude that the stress raisers 16 likely exist. The presence of stress raisers should imply a greater attention in tailoring a "gentle" mechanical ventilation, as transpulmonary pressure level, safe if applied in normal lungs, if locally multiplied nearly twofold, as we found in ARDS, may end up with stress/strain leading to VILI in the ventilable lung.
